Recent experimental progress in the search for atomic electric dipole moments (EDMs) d& of cesium and thallium leads in particular to a substantially increased sensitivity to a possible electron EDM d, compared that a nonzero EDM of a particle requires violation of both CP invariance and P invariance. As CPT is known to be a good symmetry for the models of CP violation we consider below, we shall henceforth interchange T and CP violation. The EDM of a particle is de6ned by one of its electromagnetic form factors. In particular, for a spin--, ' particle f, the form-factor decomposition of the matrix eleInent of the electromagnetic current J" is
This corresponds to the eQ'ective electric dipole interaction, LI = df 4&". )'sV-F-" (1.4) that a nonzero EDM of a particle requires violation of both CP invariance and P invariance. As CPT is known to be a good symmetry for the models of CP violation we consider below, we shall henceforth interchange T and CP violation.
The EDM of a particle is de6ned by one of its electromagnetic form factors. In particular, for a spin--, ' particle f, the form-factor decomposition of the matrix eleInent of the electromagnetic current J" is (f (p')I J" (0) A stable particle, elementary or composite, cannot have an electric dipole moment (EDM) unless both timereversal (T) and parity-reAection (P) invariances are broken. This is because the expectation value of the EDM operator D = J xp(x)d x in a particle state at rest is proportional to the particle's spin (or, more generally, total angular momentum), but spin is odd under T and even under P, while D is even under T and odd under P (Landau, 1957; Zeldovich, 1960 If the CPT theorem holds, the above statement implies which reduces to I I = -Hl =df o. . E in the nonrelativistic limit.
In renormalizable theories of CP violation, the interaction (1.4), where f denotes a quark or lepton, must be induced by loop diagrams because it is nonrenormalizable. The EDM interaction (1.4) Hips ' Experimentally one can search for a permanent EDM of a particle by placing it in an external electric field E and by looking for a shift AE linear in E of the interaction energy of the particle with the external field. In the weak-field limit, DE=a;E;+b; E;E +. . . (1.5) where the term linear in E is the signature of a permanent EDM. The term quadratic in E is an induced EDM contribution that has nothing to do with CP violation.
As to experimental searches, much e6'ort has been and is being expended to measure the neutron EDM. The
Leningrad group obtained d"=( -1.4+0.6) X 10~~e cm (Altarev et a/. , 1986) , whereas the Grenoble group recently reported d"=( -0.3+0.5) X 10 e cm (Smith et al. , 1990 ). This value yields the upper bound d"~( 1.2X10 e cm .
(1.6)
'If a nonzero EDM of the neutron or some other baryon should be observed, it might be due to the P-and T-violating gluonic interaction (Og /32m )G" G", which can be present in (Cho et al. , 1989) , and from an experiment which measured the EDM of Cs it was deduced that (Murthy et al. , 1989) d, =( -1.5+5.5+1.5) X 10 e cm, (1.7) which corresponds to an upper limit of about 10 e cm.
An experiment on the EDM of Tl is in progress, and its result for dT&, based on the first-round data-taking period (Abdullah et al. , 1990) , gives (Shabalin, 1983; He et al. , 1989) . In contrast, the electron EDM is free from such uncertainties and can be computed unambiguously once a model is fully specified. (Cohen and Taylor, 1987; Van Dyck et al. , 1987; Hernandez et al. , 1990) Here we attempt to survey models of and ideas on the electron EDM in view of the anticipated experimental sensitivity (1.9). Our review overlaps somewhat with a recent article by Barr and Marciano (1989 (Zeldovich, 1960; Bernreuther and Nachtrnann, 1983 ). However, this does not lead to a linear Stark effect.
The theorem works quite well for the ground-state hydrogen atom, for instance, but it fails badly for many atoms. In fact, enhancement of the contribution of an individual constituent by more than two orders of magnitude is not uncommon in heavy atoms. Let us consider light atoms first (Salpeter, 1958; Sandars, 1968 (Sandars, 1965 (Sandars, , 1966 (Sandars, 1968 (Johnson et al. , 1986; Kraftmakher, 1988) . This large enhancement factor and an enhancement factor of about 100 in the case of cesium were the incentives for undertaking precision measurements of the atomic EDMs of Tl (Cho et al. , 1989; Abdullah et al. , 1990) and Cs (Murthy et al. , 1989) , respectively.
For atoms with electrons paired, electron EDMs sum up to zero naively. However, a hyperfine interaction prevents complete cancellation, and a small net atomic EDM results from a nonzero d, (Fortson, 1983 Sandars, 1965 , 1966 . Sternheimer, 1969 . 'Johnson et a/. , 1986 . Ignatovich, 1969 . 'Sandars and Sternheimer, 1975 . Flambaum, 1976 . Player and Sandars, 1970 . "Flambaum and Khriplovich, 1985. 'Martensson-Pendrill, 1985 . " Weisskopf et al. , 1968 . "Murthy et al. , 1989 . 'Gould, 1970 . Cho et al. , 1989 . "Abdullah et al. , 1990 . 'Void et al. , 1984 . Lamoreaux et al. , 1987 quadrupole moment (Khriplovich, 1976 ) and a so-called nuclear "Schiff moment" (Sandars, 1967; Hinds and Sandars, 1980; Coveney and Sandars, 1983; Dzuba et al. , 1985; At the nuclear level these moments can be generated by P-and T-violating effects such as proton and neutron EDMs and P-and T-violating nucleon-nucleon interactions. For instance, calculations of the magnetic quadrupole moments and Schiff moments of various nuclei in terms of the parameters of a general P-and T-odd nucleon-nucleon interaction were made by Sushkov et al. (1984) . A systematic attempt to identify the contribution to the Schiff moments at the level of quarks and gluons and to estimate the strength of these P-and T-odd hadronic interactions in some models of CP violation was made by Katsymovsky et al. (1988 (Bouchiat, 1975; Hinds et al. , 1976; . Bounds on aT, as, and a&, respectively, or linear combinations thereof, have been derived by , MartenssonPendrill (1985) , Lamoreaux et al. (1987) , Schopp et al. (1987) , Cho et al. (1989) , and Murthy et al. (1989) . (Shabalin, 1978 (Shabalin, , 1980 (Shabalin, , 1983 Morel, 1979; Nanopoulos et a/. , 1980; Deshpande et ajt. , 1982; G-avela et al. , 1982; Khriplovich and Zhitnitskii, 1982; Eeg and Picek, 1983, 1984; McKellar et ah'. , 1987; He et al. , 1989 (Greenberg, 1985; Jarlskog, 1985; Botella and Chau, 1986 (Bilenky and Petcov, 1987) . However, the resulting lepton EDMs are too tiny to be interesting: To one-loop order the lepton-photon vertex cannot produce an EDM because it is proportional to (V&)t;( VI*) &;, and possible CP-violating phases cancel (see Fig. 2 ). In two-loop order with respect to the weak couplings, each single diagram can contribute to an EDM, but the sum of all diagrams yield a zero EDM. This was shown for the electron (Donoghue, 1978) and for quarks (Shabalin, 1978) . As no symmetry argument is known that extends to higher orders, one expects the EDM of a lepton (or a quark) to be nonvanishing in three-loop order The esti-. Franco and Mangano, 1984; Gerard et al. , 1984; Petcov, 1986) . Since the purpose of this section is to focus on predictions on the electron EDM that are characteristic of supersymmetry models, neutrino masses are not of primary interest in what follows. We therefore set them to zero and comment on the effects of nonzero neutrino masses at the end of this section. Then our survey is based on a popular supersymmetry model, often referred to as the supersymmetric standard model, which is specified below (for reviews, see Nath et al. , 1984; Nilles, 1984; Haber and Kane, 1985; Lahanas and Nanopoulos, 1987) . Left-right symmetric models are based on the gauge group SU(2)l X SU(2)z X U(1) (Pati and Salam, 1974; Mohapatra and Pati, 1975; Senjanovic and Mohapatra, 1975; Mohapatra and Sidhu, 1977; Senjanovic, 1979; Senjanovic, 1980, 1981; Mohapatra, 1989) . They are invariant under parity reflection before spontaneous symmetry breaking. In the minimal version Senjanovic, 1980, 1981) Table II ; Donoghue and Holstein, 1982; Wolfenstein, 1984; Stoker et al. , 1985 (Mohapatra, 1989) . For simplicity, we assume that mixing of the first and the second quark generation to the third generation can be ignored. Furthermore, we do not take into account possible generation mixing in the lepton sector. In this model the e' parameter arises entirely from 8'L-8'z mixing. Therefore a nonxero value of e' would imply a lower bound on the mixing parameter (He et a/. , 1989) , which in turn would yield, through Eq. (6.14), a lower bound on fd, f. Unfortunately, present data are inconclusive on whether e' is nonzero or not. Whereas the NA31 experi5Neutrinoless double beta decay does not provide us with a direct constraint on m, . Only if we are willing to assume that generation mixing is negligible, is the upper limit m"((1-2) eV obtained (Caldwell, 1986 ; Fritschi eI; a/. , 1986; Vergados, 1986; Kayser, 1989 
VII. HIGGS MODELS
Higgs models of CP violation were motivated by the idea of linking the origin of CP nonconservation to the mechanism that is also responsible for the absence of SU(2)L XU(1) gauge symmetry in the spectrum of states, i.e. , spontaneous symmetry breaking (Lee, 1973 (Lee, , 1974 Sikivie, 1976; Weinberg, 1976 (Weinberg, 1976 (Weinberg, 1976 (Albright et al. , 1980; Branco et al. , 1985; Cheng, 1986 Cheng, , 1988 . [Note that Im(y;5, *)=0 in the coupling scheme (7.1a). ] The neutral Higgs particles P; can generate P and CP-violating -interactions as they couple both to CP-even scalar and CPodd pseudoscalar densities. The mass eigenstates P; are realized by the mixing of CP-even and CP-odd states (Deshpande and Ma, 1977) .
In the Weinberg model, strangeness-changing~hS~= 1
Im(a, P*, ))9, (7.4) which is uncomfortably large.
As for EDMs, let us examine that of the neutron first. (Dupont and Pham, 1983; Branco et al. , 1985; Donoghue and Holstein, 1985; Cheng, 1986 Cheng, , 1988 indicate that this is possible in a semiquantitative way, although predictions are that~e'/el ) a few X 10 which is barely compatible with the data (6.17) and (6.18) . Fitting e to its experimental value requires a relatively light charged Higgs particle, say H"with sizable coupling Im(aipi ). However, recent searches at LEP (Abreu et al. , 1990; Akrawy et al. , 1990b; Decamp et al. , 1990b) GeV one obtains from the analysis of Cheng (1986 Cheng ( , 1988 Rev. Mod (Cheng, 1986 (Cheng, , 1988 Bigi and Sanda, 1987) , is dangerously close to the present experimental (1985) , Cheng, (1986 Cheng, ( , 1988 , and Cheng and Li (1990) , approximately anomalous dimension for the operator 0 (Braaten et al. , 1990) , which is necessary to scale c to low energies, and with g".g"+ 0 (1) Moreover it has been pointed out (Weinberg, 1989 ) that the dimension-six, P-and T-violating effective gluon interaction 0 =cf, ", G'"~6" 6 ' (where 6" is the gluon field-strength tensor and 6" its dual), which is generated in a large class of models of CP violation, can have a sizable effect on the neutron EDM. In Higgs models of CP violation the coeKcient c is generated by two-loop diagrams with a top quark in the loop and a neutral Higgs particle with indefinite parity being exchanged [Figs. 8(a) Fig. 8(b) ]. With the correct Since the product m;( V& ) i, is severely bounded by the experimental data on the m -+pv branching ratio (Shrock, 1981; Bryman et al. , 1983) im, (V, )"i'&3X10 ' Mev', The one-loop contribution of a neutral Higgs particle is shown in Fig. 14(b) in the Appendix. Using Eqs. (7.3), (A2), and (A5), we obtain for a neutral Higgs boson P, d, = -4.4X10 e cm . Recently, however, it has been observed (Barr and Zee, 1990 ) that the suppression by m, /m& of the one-loop neutral Higgs contribution is overcome at two loops. A representative diagram is depicted in Fig. 9 . The chirality fiip necessary for generating d, is provided by the P, ee vertex and yields d,~m, . Barr and Zee (1990) find that the amplitude of Fig. 9 contributes (d, ) , i = G~m, F(m, /m~, g"g",g"g"), (7.10) here, for the charged leptons and Q = --, ' quarks, there are now six couplings g", g"(i = 1,2, 3 ), and for the Q =-', quarks we denote the couplings by (i =1,2, 3). Weinberg (1990) has introduced parameters for measuring CP violation in neutral Higgs mixing which are related to these couplings in the following way:
ImZO;+ ImZO, =2('"g", ImZo; -ImZO, = 2g"g", ImZ "= 2("g", ImZ2, =2("g".
(7.1 1)
These parameters satisfy various sum rules and also upper bounds, depending on the ratio of vacuum expectation values tanp=lvz/v, l (Weinberg 1990 A forthcoming experiment aims at improving the measurement of the anomalous magnetic moment of the muon by about a factor of 20 (Hughes and Kinoshita, 1985) . As a byproduct, sensitivity to d"will increase by a similar factor. At present one has the 95% C.l.. upper bound~d "~( 7.3X10 ' e cm (Bailey et al. , 1979) .
As to the~lepton, information on d can be obtained by measuring CP odd correlat-ions (involving~momenta and polarizations) in e+e~~+& (Bernreuther and Nachtmann, 1989). Because we expect that a large number of~+~pairs are produced at the Z resonance by the LEP collider, it is sensible to examine another CI'-violating form factor of the~, namely, its electric dipole form factor d', '(q )cr", y5q, which can be present in the Z~+~vertex. If 10 Z bosons are produced, a sensitivity to d, ( 
VIII. LEPTON FLAVOR-CHANGING MOOELS
%e now come to interactions that may generate a sizable electron EDM to one-loop order by a generationchanging transition from the electron to some heavy fermion I' from a higher generation in the amplitude depicted in Fig. 3 . Before surveying specific models it is appropriate to discuss the constraint on~d ,~which, as noted by Barr and Masiero (1987) , arises for such interactions under fairly general assumptions from the experimental upper limit on the branching ratio of the rare decay p~eQ.
A. d ancl p~e y If the interaction vertex eI'"8 exists, it is likely that the transition pFB also occurs. This means that the decay @~ed is induced by one-loop magnetic and electric transition dipole moments, which arise from diagrams analogous to Fig. 3 in which the incoming electron is replaced by a muon (Barr and Masiero, 1987) On the other hand, we now know directly from the experiment on Cs that~d ,~cannot be larger than 10 e cm (Murthy et al. , 1989) Fig. 10 . We obtain from Eq. (A5) I, ,=yy, (lLJ I ", "UR. "+lR/I R)"UL")+H. c. Leptoquarks are spin-zero or spin-one bosons that turn leptons into quarks (or antiquarks) and vice versa. Leptoquarks with CP-violating couplings arise in a variety of models (Nieves, 1985; Barr, 1986; Hall and Randall, 1986) . Recently, the "superstring-inspired" E(6) gauge model has attracted much attention among model builders (Derendinger et al. , 1986; Ellis et al. , 1986) , and some CP violating effects arising from scalar leptoquarks have been pointed out (Barroso and Maalampi, 1987; Campbell et al. , 1987; Kizukuri, 1987; Geng and Ng, 1990) . This model has a set of color-triplet, SU (2) (Maalampi et al. , 1982; Maalampi and Mursula, 1982; Enqvist et a/. , 1983; del Aguila, 1985; Fabbrichesi et al. , 1988 (Maalampi et al. , 1982; Mursula, 1982, 1986; Enqvist et aI. , 1983; del Aguila, 1985; Fabbrichesi et al. , 1988; Langacker and London, 1988 Yanagida, 1978, 1979; Wilczek and Zee, 1979; Davidson and Wali, 1981; Joshipura and Montvay, 1982; Zoupanos, 1982 Yanagida, 1978, 1979; Cahn and Harari, 1980 When g is real or purely imaginary, the interaction (9.1) reduces to a CP-conserving scalar or pseudoscalar interaction, respectively, so that no lower bound on A, results from (9.3).
where g is a complex parameter normalized to unity. This interaction contains the P-and CP-violating term (ee)(eiy~e). In fact, this is the only independent CP violating operator of dimension six that involves four electrons. (However, Lt -A, is an ansatz. The dynamics of subconstituents might actually lead to Lt-m, IA, because LI does not conserve chirality. ) Although the interaction (9.1) does not conserve chirality, it can be accommodated in composite models since its contributions to the electron self-energy and (g -2), are proportional to m, and (m, /A, ) ln(A, /m, ), respectively, when the divergent integrals in the loop diagrams are cut off at A, . With this ultraviolet cutoff, the interaction (9.1) yields the one-loop EDM So far, we have treated models of CP nonconservation in which the electron is considered to be an elementary particle. There are speculations that the electronamong other particles -is composed of subconstituents.
This substructure would first of all affect its anomalous magnetic moment at some level. The dynamics of composite models, characterized by the energy scale A" is usually assumed to conserve electron chirality and lepton Aavor. Then the electron's substructure leads to a correction to the magnetic form factor Fz/2m, of the order of m, /A, (Brodsky and Drell, 1980; Shaw et al. , 1980) , which yields a contribution of the order of (m, /A, ) to (g -2), . When 
